The Pb(Zr,Ti)O 3 (PZT) ceramics with Zr/Ti ratios of 30/70, 52/48 and 70/30 and the PZT(52/48) ceramics doped with La, Ta and Co at various percent were prepared by a standard solid-state reaction method, respectively. Internal friction and modulus were measured as a function of temperature at low frequencies by using a inverted torsion pendulum. Two internal friction peaks (P 1 and P 2 ), related to oxygen vacancies and domain walls, respectively, were observed in all the undoped PZT ceramics with different Zr/Ti ratios. In addition, a minimum in modulus associated with a phase transition internal friction peak appearing at Curie temperature was observed in all samples. The effects of the Zr/Ti ratios and some dopants (such as La, Ta and Co) on the internal frictions were investigated. The internal friction results indicate the changes of the concentration of oxygen vacancies and the domain structure with the variations of Zr/Ti ratios and dopants, which will be helpful in the utilities of the PZT ceramics.
Introduction
The lead zirconate titanate (PZT) ceramic is one of the most attractive materials for various sensors and actuators because of their excellent dielectric, pyroelectric, piezoelectric, and optical properties.
The properties of PZT and other ferroelectric materials largely depend on the domain structure, oxygen vacancy, and the interaction among various lattice defects. For instance, the dielectric relaxation [1] , fatigue of polarization [2, 3] and current leakage [4] etc are all related to oxygen vacancies and domain walls. However, the mechanism that the oxygen vacancies and domain walls play a decisive role in the applications of ferroelectrics, is still not very clear up to now. Therefore, it is of great importance to understand the relationship between the lattice defects and the physical properties of ferroelectrics.
It is well known that internal friction is very sensitive to the microstructure of materials, especially to the point defects and domain walls. Many studies, related to the oxygen vacancies [5] [6] [7] [8] , domain walls [7] [8] [9] [10] [11] and phase transition [12] in ferroelectric ceramics, have been performed by the means of internal friction measurements. However, the reported results of internal friction for PZT ceramics are not well consistent. The internal friction of PZT was first reported by Postnikov et al [5] , where two relaxation peaks, located around 140 and 240˚C respectively, were attributed to the interaction of point defects and domain walls. Recently, two internal friction peaks were observed by Bourim et al [8] on PZT ceramics, but the activation energies for the two peaks were 0.9 and 2.0 eV, respectively, which were different from that of 0.4 and 0.8 eV reported by Postnikov. Chen et al [11] also measured the internal friction of PZT ceramics; however, only one peak near Curie temperature not shifting with measurement frequency was observed, which was interpreted by a possible mechanism of the viscous movement of domain walls.
In our previous work [13] , two internal friction peaks were observed in PZT (52/48) ceramics and the results were similar to that reported by Bourim [8] . The low temperature peak around 150˚C with activation energy of 1.0 eV was ascribed to the stress-induced migration of oxygen vacancies, whereas an unreasonable relaxation parameter was obtained for the high temperature peak which was related to the motion of domain walls. In this paper, the experimental results of internal friction and modulus, for the PZT ceramics with different Zr/Ti ratios and various dopants are reported, and the effect of Zr/Ti ratio and dopants on oxygen vacancies, domain walls and phase transition is discussed. Furthermore, the possible mechanism of internal friction in PZT ceramics was analysed.
Experimental details
In our experiments four kinds of specimens were prepared: (a) PZT ) in stoichiometry (5 wt% excess of PbO were added to compensate the volatilization of PbO in the sintering process) were finely ground and then calcined at 800˚C for 6 h. The reactant was reground and pressed into chips, and then was sintered at 1100˚C for 4 h. The samples for internal friction measurement were polished to the dimension of 60 × 3 × 1 mm 3 . The internal friction measurements were performed on a computer-controlled inverted torsion pendulum in the mode of forced vibration by measuring the loss angle between applied stress and resulting strain. Meanwhile, the relative shear modulus was calculated by the ratio between stress and strain. The measurements were carried out at about 1 Hz in the process of ascending temperature. The heating rate was about 3 K min −1 and the strain amplitude was kept around 3 × 10 −5 . The grain size of the ceramics was observed using a scanning electron microscopy (SEM, AMRAJY-1000B). Firstly, the observed surfaces were polished with diamond pastes and then etched by diluent hydrofluoric acid. Lastly, a thin layer of Pt was deposited on the insulating surfaces to avoid the electron beam accumulation.
Results and discussions

The effect of different Zr/ Ti ratio
The internal friction and modulus as a function of temperature for the samples of PZT70, PZT52 and PZT30 are shown in figure 1. For all three samples the internal friction curves exhibit two peaks, called as P 1 and P 2 peaks in the temperature ranges from 100˚C to 200˚C and 200˚C to 300˚C, respectively. As shown in figure 1, with increasing Zr/Ti ratio the P 1 peak situated around 150˚C hardly changes its height and position, while the P 2 peak increases in height and shifts to high temperature from 220˚C to 240˚C and 285˚C, respectively. In the modulus curves, there is a minimum located at about 320˚C, 370˚C and 435˚C for the PZT70, PZT52 and PZT30 specimens, respectively, indicating the phase transition from ferroelectric to paraelectric phase at the Curie temperature. The internal friction peaks associated with the modulus minimums are narrow and inconspicuous, which are marked by the arrows in figure 1 .
According to the previous investigations on PZT ceramics [13] , the P 1 peak is associated with the short-distance diffusion of oxygen vacancies and the P 2 peak is related to the movement of domain walls. The invariance of P 1 peaks with the Zr/Ti ratio indicates the Zr/Ti ratio has no effects on the oxygen vacancies in the PZT ceramics and the oxygen vacancies are mainly induced by the loss of PbO. With increasing Zr/Ti ratio, the P 2 peak shifts to high temperature and increases in height, suggesting that higher Zr/Ti ratio might make the domain wall have a lower mobility or a longer relaxation time at a given temperature. Moreover, it is found that with the increase of Curie temperature the P 2 peak shifts to lower temperature, which suggests that the P 2 peak may have no relationship with phase transition. The phase transition temperature, T Curie , increases with decreasing Zr/Ti ratio, which is in agreement with the phase diagram of PZT ceramics.
The effects of doping on the P 1 peak, P 2 peak and phase transition
Figures 2-4 show the variation of internal friction and modulus with temperature for the PZT52 ceramics doped with different concentrations of La, Ta, and Co, respectively, where the curves for undoped PZT52 ceramics are also shown for comparison. It can be seen from figures 2-4 that the doping of La, Ta, and Co in PZT has great influence on the P 1 peak, P 2 peak and the phase transition, and the degree of influence is different for different dopants, as summarized in table 1. The P 1 peak decreases dramatically with La and Ta doping and Table 1 . The influences of La, Ta, Co doping on the peak height and temperature of the P 1 , P 2 peaks and the phase transition (↑, ↓ represent increase and decrease, respectively, ← and -stand for shift to lower temperature, and no obvious shift, respectively.
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disappears completely at the doping content of 3 at% La and 1 at% Ta, while Co doping increases the P 1 peak. The P 2 peak decreases with the doping of La and Co, but is enhanced by Ta doping. The temperature of phase transition shifts to lower temperature with La doping, while the doping of Ta and Co in PZT has no obvious effect on the phase transition. All of these results can be understood by the influence of doping on the oxygen vacancies and domain walls.
The variation of oxygen vacancies and P 1 peak
The La 3+ ion has a similar radius as Pb 2+ ions and will substitute for Pb 2+ ions in the PZT lattice, and because it possesses a larger positive charge compared with the host ion, it has donor properties. The doping reaction is
(1) Herein, the structural element is represented as (S p ) c where S is the species, p is the crystallographic position and c is the charge; ×, ·, and is for neutral, positive and negative charge. According to the above reaction, for every two La ions, one oxygen vacancy is reduced. Then the concentration of oxygen vacancy is reduced with La doping.
It is well known that the Ta 5+ ion is smaller than the La 3+ ion but is similar to Ti 4+ or Zr 4+ , so the Ta 5+ ion substitutes for the Ti 4+ or Zr 4+ ions in the octahedral site. Similar to the La doping, two Ta 5+ ions on Ti/Zr site will be compensated by an oxygen vacancy, and hence the oxygen vacancy concentration will be reduced with Ta doping. However, Co 3+ ion, which also substitutes at the Ti/Zr site, possesses less valence compared with the host ion, hence it has an acceptor character. To maintain charge neutrality, the charge deficiency is compensated by vacancies in the oxygen lattice. The doping reaction is
Clearly, an oxygen vacancy is formed to compensate two Co 3+ ions. So the oxygen vacancy concentration increases with Co doping. According to the point defect relaxation theory [14] , the relaxation strength or peak height of the P 1 peak is directly proportional to the concentration of oxygen vacancies, so the influences of different dopants on the P 1 peak can be interpreted as the variation of the concentration of oxygen vacancies.
The domain size and P 2 peak
The P 2 peak is related to the movement of domain walls, and undoubtedly the change of P 2 peak must be related to the domain structure. It has been reported that the domain size of La-doped PZT ceramics decreases with increasing La content [15] . This suggests that the grain size decreases with increasing La doping, because the domain size is proportional to the square root of the grain size [16] . Therefore, we can deduce that the P 2 peak is directly related to the grain size although it is attributed to the motion of domain walls. The P 2 peak will disappear in the ferroelectric ceramics with smaller grains, because of the strong pinning effect that grain boundaries exert on the domain walls [17] . This is consistent with the results reported by Cheng et al [9] , where the internal friction peaks related to the motion of domain walls are only observed in ceramics with large grains.
The fact that the P 2 peak is reduced with increasing La doping content can be understood by the decrease in grain or domain size induced by La doping. Similarly, the effect of Co doping on the P 2 peak can be interpreted as the decrease in grain size induced by Co doping. The result that the P 2 peak is slightly enhanced by the doping of Ta can be attributed to the grain growth during sintering owing to Ta doping. This point is supported in one aspect by the fact that the grain size of Ta doped PZT52 is larger than that of undoped PZT52, which is shown in figure 5 . Similarly, the addition of Nb in PZT can also help in the growth of grain [18] . The temperature of phase transition determined from the minimum of elastic modulus shown in figure 2 shifts to low temperature with increasing La content, which is in agreement with the results determined from the dielectric maximum by Gupta et al [15] .
Discussion about the mechanism for P 2 peak
According to Wang's model [10] , in ferroelectric phase, the change of the spontaneous polarization vector with temperatures below T c resulted in the fast variation of the density of domain walls, the viscous coefficient of domain walls, and the interaction among domain walls. When the temperature was near the Curie temperature T c , the increase of the density of domain walls led to an increase in internal friction. On the other hand, the distance between domain walls decreased and resulted in a decrease in mobility of the domain walls due to their mutual interactions, thus leading to a decrease in internal friction. The compromise of the above two factors brought about an internal friction peak.
In our case, however, there are some differences. Firstly, the position of P 2 peak shifts with frequency in PZT and the activation energy of 2.1 eV is obtained [13] , indicating a relaxing nature which is different from the result reported by Chen [11] . Secondly, with changing Zr/Ti ratio and doping the PZT with different dopants as shown in this paper, the P 2 peak can appear far below Curie temperature where the density of domain walls may remain stable. The large activation energy may be understood by the fact that the P 2 peak is close to the Curie temperature. Thus, the Arrhenius relation may not be valid, and in addition the peak may not be accurately determined because of the overlapping of other peaks. Now, the activation energy of P 2 peak has been measured again in the 1 at% Ta doped PZT52 sample where the P 1 peak due to oxygen vacancies is eliminated, and a more reliable value is obtained. As an illustration, figure 6 shows the shift of P 2 peak with the measurement frequency, where the Debye-type peaks at four different frequencies have been obtained by analyzing the experimental curves with a superposition of a Debye peak and an exponential background [19] . The activation energy and the pre-exponential factor for P 2 peak in this case are deduced from the Arrhenius plot (inset of figure 6 ) as 1.3 eV and 3 × 10 −13 s, respectively. This result is very close to that obtained with a lead hafnate titanate (PHT) ceramic by Fantozzi [20] . The properties of PHT ceramics are very similar to that of PZT.
A possible mechanism suggested for similar relaxation internal friction peak in PHT [20] and BaTiO 3 [9] ceramics is the motion of domain walls and the interaction between the domain walls and the diffusion of oxygen vacancies in the domains. Postnikov [5] ascribed this peak to the diffusion of plumbum vacancies in PZT ceramic. But generally, the cathodolyte vacancies in perovskite crystals are not easy to move. In addition, according to the point defect relaxation theory [14] , the temperature dependence of the relaxation strength (which is two times of peak height) will be analogous to the Curie-Weiss law:
where T c is the critical temperature for a 'self-induced' ordering. In our case, the peak height increases with increasing temperature (as shown in figure 6 ), so it is not in agreement with the point defect relaxation theory. Therefore, it is deduced that the P 2 peak can not only result from the diffusion of oxygen vacancies or other point defects, although the oxygen vacancies may have some influence on the peak. Therefore, we thought that the motion of domain walls should have a dominant role in the mechanism of the peak in PZT, but Wang's model is not very suitable in our case. To understand the mechanisms of the relaxation peak in detail, further investigations are required.
Conclusion
The internal friction and modulus of PZT ceramics with different Zr/Ti ratio and various doping have been investigated. The results have shown that the two internal friction peaks related to oxygen vacancies and domain walls appear in all PZT ceramics with different Zr/Ti ratio and the peaks can be changed by donor doping and acceptor doping, and the modulus minimum appears at the Curie temperature. According to the results, we concluded that the donor doping decreased the peak related to oxygen vacancies because of the decreasing of the concentration of oxygen vacancy and the acceptor doping increased the peak due to the increasing of the concentration of oxygen vacancy. Doping could control the peak related to domain walls through influencing the grain size. Therefore, the concentration of oxygen vacancies and the domain structure can be qualitatively analysed by the measurement of internal friction and controlled by doping.
